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Introduction
Fatigue failure is the most common failure in mechanical/ structural members and the fatigue life of any component is influenced by its internal design aspects and external factors like the environment, operating temperature, etc. Corrosion fatigue analysis is the study of the combined effect of corrosion and fatigue on the life of a component, and it emerged as a separate branch in fatigue analysis due to the profound impact of the corrosion on fatigue life of a member. Since it is a combined effect of fatigue and corrosion, corrosion fatigue can bring in a far greater deprivation in strength than either effect acting alone or by superposition of the singular effects. Shin et. al. proved that ZrO 2 -SiO 2 coatings increase the resistance of AISI 316L stainless steel against corrosion [1] . Bačić et. al . demonstrated that, by providing sol-gel Yttria Stabilized ZrO 2 films sintered at 400°C to AISI 316L austenitic stainless steel, the corrosion resistance significantly improved in 3.5 wt.% NaCl aqueous solution [2] . Kazazi et al. investigated the impact of ZrO 2 sol-sel Coating on 316L stainless steel in nitric acid solution and concluded that the corrosion resistance has improved considerably by providing ZrO 2 coating [3] . Nascimento et al., in their research mentioned that the effect of tungsten carbide thermal spray coating applied by HP/HVOF process and hard chromium electroplating decreased the fatigue strength of AISI 4340 steel [4] . Surface treatment is one of the most promising methods, to improve corrosion fatigue strength of structural materials, in service environments [5] . Ebara concluded that corrosion fatigue life of KA32 (thermo-mechanically controlled processed) steel and welded joints can be improved greatly, by coating with tar epoxy resins [6] . Puntambekar et al. proposed that thermal spray treatment of alumina and zirconia results in decrement in fatigue life of EN-24 steel [7] . e primary emphasis of the present work is to investigate the corrosion resistance and fatigue life of AISI 316L austenitic stainless steel with and without coating of ZrO 2 on it. AISI 316L austenitic stainless steel is chosen for the investigation, keeping in mind, its widespread usage in naval and marine applications where the members are exposed to corrosive sea water environment. ZrO 2 coating is a popular surface treatment provided to mechanical members to improve their corrosion resistance. Being a refractory material, ZrO 2 inhibits the corrosion of the AISI 316L austenitic stainless steel in marine applications. But, the study of the effect of ZrO 2 coating on the corrosion resistance and fatigue life of the material hitherto is scarce, and hence, the present investigation is undertaken. e corrosion and fatigue analysis of the coated specimens is carried out by taking two control parameters namely rotational speed of job and axial speed of torch into consideration and applying L4 Taguchi orthogonal array. e results are further subjected to analysis of variance (ANOVA) as per Yate's algorithm to arrive at the contribution of each parameter.
Materials & Methods
2.1. Material. AISI 316L austenitic stainless steel is the material for which the corrosion resistance and fatigue life are analyzed in the current research. is steel is primarily used in naval and marine applications as it possesses excellent corrosion resistance and high strength to weight ratio. e chemical composition and mechanical properties of the material used are given in Tables 1 and 2, respectively.
HVOF Coating.
e chosen material is coated with ZrO 2 by employing a high-velocity oxy-fuel torch machine ( Figure 1 ). ZrO 2 is passed through the central orifice of the torch and fuel gas mixed with oxygen passes through the conduit of the torch. After getting heated at the tip of the torch, the molten ZrO 2 is sprayed on to the job so that it gets coated on the specimen.
Design of Experiments.
e machine employed for coating has the capacity of changing speed of coating on the specimen by varying the rotational speed of the specimen and linear axial speed of the HVOF torch. Table 3 depicts the factors chosen at two levels each in the current investigation. Further, L4 Taguchi orthogonal array [8] as shown in Table 4 is chosen for experimentation.
Fatigue Testing Machine. A Plug-N-Play Fatigue Testing
Machine from ITW ( Figure 2 ) is employed for finding the fatigue life of the specimens. e machine has the provision to apply alternate tensile and compressive axial reversed loads. It is provided with a computer data logger to record the number of cycles applied during the test.
Fatigue Specimen.
e scope of the current research includes the comparison of fatigue life of uncoated and ZrO 2 -coated specimens before and after corrosion, subjected to axial loading by the Fatigue Testing Machine. e specimens employed for the investigation are depicted in Figure 3 . e specimens are fabricated as per ASTM E606 standards using a CNC lathe.
Corrosion Testing.
e uncoated and ZrO 2 -coated specimens are tested for pitting corrosion in an electrolyte of 0.5 M H 2 SO 4 + 0.5 M HCl. e electrochemical measurements were made using a potentiometer after 10 minutes of dipping in the electrolyte. e potential at which the current increases abruptly after the passive region was taken as the pitting potential. Specimens that exhibit higher positive potential value are considered to be having better pitting resistance.
Scanning Electron Microscopy (SEM).
Scanning electron microscope was used to examine the fractured features from failed fatigue specimens at various magnifications. e samples of required sizes were cut and prepared. e samples prepared were ultrasonically cleaned and degassed before putting in SEM chamber.
X-Ray Diffraction.
e XRD patterns are observed by employing X-ray diffractometer with CuKα radiation, and thereby, the morphology of the ZrO 2 coated surface of the specimen is analyzed.
Methodology of Experimentation.
e specimens so chosen are coated with ZrO 2 and subjected to corrosion and fatigue tests.
ey are compared and evaluated with uncoated counterparts. e methodology undertaken in the research is shown in Figure 4 .
Results & Analysis
e AISI 316L Austenitic stainless steel specimens were tested for low-cycle fatigue at a constant strain rate of 3 × 10 −3 s −1 . e experiments were performed for two specimens in each case for the sake of consistency and error reduction. Table 5 shows the fatigue life of the uncoated specimen.
e specimens of AISI 316L austenitic stainless steel were coated with ZrO 2 using two control parameters (Table 3) as per the Taguchi experimental array. e thickness of the coating is in the range of 300 μm to 400 μm for the experimental runs specified in Table 6 . e SEM micrograph and XRD pattern of the ZrO 2 coated surface are given in Figure 5 . ese specimens are taken up for fatigue life estimation at a stress of 250 MPa and a strain rate of 3 × 10 −3 s −1 (Table 6 ). e data have been subjected to standard analysis of variance (ANOVA) as per Yate's algorithm [9, 10] . e analysis of variance is computed with a scale of 10,000 cycles for the data of the coated specimens, and the contribution of each factor has been evaluated ( Table 7) .
In order to find their corrosion resistance, the specimens were tested for their pitting potential employing a potentiometer. Tables 8 and 9 give the pitting potential (mV) of the specimens tested.
Similarly, the specimens which were subjected to corrosion were taken for fatigue testing under the same test conditions. Tables 10 and 11 illustrate the fatigue life of the corroded specimens of uncoated and coated jobs, respectively.
e ZrO 2 -coated 316L austenitic stainless steel-corroded specimen after failure is shown in the Figure 6 .
Discussion
Lowest value of coating thickness is observed for the Run 4 due to higher traversal speed of the torch and higher rotational speed of the job. e XRD pattern indicates a monoclinic crystalline structure of ZrO 2 . e coating is done at high temperatures in the range 1300°C-1500°C, and the crystalline structure changed from monoclinic to tetragonal during the coating process; however, during cooling, the crystalline structure returned back to be monoclinic ( Figure 5(b) ). Due to the difference in the coefficient of thermal expansion between the parent material and coating, there is a change in volume which causes microporosity as exhibited in the SEM micrograph ( Figure 5(a) ). It is observed that coating of ZrO 2 on the AISI 316L austenitic stainless steel has reduced the fatigue life. e formation of high-density oxide inclusions which occurred during the coating process have become the sites for formation of cracks and subsequent speedy propagation of these cracks while testing for the fatigue life and hence resulted in lower life compared to the uncoated specimen (Figure 7) . At a slow speed of rotation of gun, the specimen is exposed to high heat inputs and more amounts of ZrO 2 coatings, and hence, it exhibited lower fatigue life and higher pitting potential. From the ANOVA computations as shown in Table 7 , it can be concluded that the interaction effect of both the governing factors have profound effect (60.55%) on the coating and subsequently the fatigue life of the specimen.
e fatigue life of the specimens that are not subjected to corrosion, on which coating is performed at high axial speed of the torch and high rotational speed of the job, is found to be higher than that of the specimen coated with the same parameters at their minimum levels. It is owing to the reason of having lower thickness of coat formed on the specimen at higher axial speed of the torch and rotational speed of the job. Similarly, the test run with rotational speed at lower level and axial speed of the torch at higher level has resulted in a midlevel fatigue life between the above two extreme cases. 
Advances in Materials Science and Engineering
Hence, the optimal condition can be taken as the one which has both the parameters at their higher levels. e fatigue run results show that the axial speed of the torch has higher influence on the thickness of the coating and consequently on the fatigue life of the specimen which is corroborated further with a contribution of 14.18% as shown in Table 7 . It is clearly evident from the results that, for both the coated and uncoated specimens, the fatigue life had reduced due to corrosion. For the uncoated specimens, the fatigue life declined from 11220 to 11104 cycles which is about 1.03% drop while at the optimal parameter condition of coating, the fatigue life decreased from 11010 to 9949 cycles to an abnormal extent of 9.64%, due to corrosion. e plots for pitting potential of AISI 316L austenitic stainless steel for uncoated and coated specimens are shown in Figure 8 . e oxide layer formed on the surface of the specimen is prone to corrosion, and hence, pitting potential of the coated specimens was reduced despite the parent material possessing higher corrosion resistance. e uncoated specimen had a pitting potential of 914 mV while, for the specimen coated at the optimum coating condition for fatigue life (higher axial speed of the torch and higher rotational speed of the job) the pitting potential increased to 1009 mV. However, it is evident from the Figure 7 that the optimum coating condition for pitting potential is, lower axial speed of the torch and lower rotational speed of the job. is is due to the fact that, at lower speeds, the coating thickness would increase on the specimens which in turn enhance the corrosion resistance. e optimal parameter condition for the fatigue life and corrosion resistance is different when they are observed in isolation. To have a combined optimal parameter condition which maximizes both responses simultaneously, a modified Taguchi analysis is carried out [11, 12] . Signal-To-Noise ratios (S/N) are computed with "higher the better" quality characteristics giving equal weightage to the responses as given in Table 12 and are subjected to analysis of means which are plotted in Figure 9 . Advances in Materials Science and Engineering e combined optimal parameter condition is computed, for both the responses by giving equal weightage to the fatigue life and corrosion resistance, by taking higher S/N ratio. It is found that when rotational speed and axial speed of the torch are at higher levels, the optimal condition is reached.
When it comes to real-time applications of austenitic stainless steels, for components of marine and naval structures, improvement in corrosion resistance is of more significance when compared to the marginal decline in the fatigue life due to surface coating with ZrO 2 . is is due to the inherent corrosive environment in which the structure operates.
Scanning electron micrographs of uncoated and coated specimens are shown in Figure 10 . e fractured surface of the coated uncorroded specimen in Advances in Materials Science and Engineering Figure 10 (c) shows the porosity sites of oxides corroborating the early formation of crack and fast propagation resulting in reduced fatigue life. e micrograph portrays the fracture to be brittle coupled with the oxide layer spots. e fracture surface is flat and has large facet size which implies lower ductility. is may be attributed to the oxide layer spots formed during coating process. It can also be observed from Figures 10(b) and 10(d) that a brittle type of fracture occurred in both scenarios of corroded specimens.
Conclusions
(i) Coating of ZrO 2 on the AISI 316L austenitic stainless steel has reduced the fatigue life. However, corrosion resistance of the material has considerably increased due to coating. (ii) High-velocity oxy-fuel coating method employed, resulted in formation of oxide layers on the substrate material and consequently has reduced fatigue life of the parent metal. (iii) For the uncoated specimens, the fatigue life declined from 11220 to 11104 cycles, which is about 1.03% drop while at the optimal parameter condition of coating; the fatigue life decreased from 11010 to 9949 cycles which is in the tune of 9.64%, due to corrosion. (iv) From the modified Taguchi analysis, it is found that the control parameters at their higher levels yielded the combined optimal parameter condition.
